Introduction {#s1}
============

Gastroparesis is a growing public health issue. Gastroparesis is a condition defined by the delayed emptying of stomach contents into the duodenum. Symptoms of gastroparesis include early satiety, abdominal distension, nausea, vomiting, abdominal pain, and poor glycemic control \[[@R01]\]. Most cases of gastroparesis are idiopathic, but can be co-morbid with such diseases as diabetes, anorexia nervosa, bulimia, liver or renal failure, mitochondrial disorders, gastric dysrhythmias, visceral myopathies, and pancreatitis. In diabetic patients, there is a higher incidence rate in female compared to male patients. Both human studies and animal models indicate that insulin, nitric oxide, ICC, hyperglycemia, and hormones like incretin, CCK, PYY, and ghrelin may all contribute to and/or be correlated with gastroparesis \[[@R01]\]. Thus, the evidence suggests that there are many possible systems that can contribute to gastroparesis.

These hormone and neuropeptides are innate to the normal pathophysiology of digestion. The stomach can be split into three separate anatomic regions: the fundus, the corpus, and the antrum; and two superimposed functional regions: the gastric reservoir and the gastric pump. The pylorus is a sphincter that acts as a gatekeeper between the antrum and the duodenum. The gastric reservoir and the gastric pump overlap in the medial portion of the corpus. Stomach motility begins with food stimulus in the oropharynx which signals the vagal center of the brain. The vagal center sends inhibitory biochemical signals to the fundus which causes the gastric reservoir to relax and accept digestant. These inhibitory signals are nitric oxide, pituitary adenylate cyclase activating peptide, vasoactive intestinal peptide, and adenosine triphosphate. The food nutrients and further distension of the reservoir result in more signaling to the vagal center. As a consequence, the corpus reservoir relaxes thus further increasing the reservoir volume available to accept food \[[@R06]\].

Ingested materials are transported through the stomach with the tonic contraction of the fundus in conjunction with the peristaltic waves in the gastric pump towards the antrum. The peristaltic waves are controlled by a network of interstitial cells of Cajal (ICC) which provide pacesetting potentials. With the release of acetylcholine from nerves and an influx of calcium at the maximum of the pacesetting potential, the peristaltic contraction occurs and the digestate flows into the antrum. The ingested bolus flows into the duodenum when the peristaltic contraction hits the middle of the antrum and the pylorus is signaled to open. Once in the duodenum, nutrients and other biochemical signals provide negative feedback to the vagal center which then causes re-relaxation of the fundus. Normal gastric motility requires an integrated and coordinated interplay between the sympathetic, parasympathetic, and enteric nervous systems; gastrointestinal (GI) smooth muscle cells; endocrine signaling; and nutrient feedback. A malfunction at any level has the potential to alter gastric function and emptying \[[@R06]\].

A number of human and animal studies point to the intersection of sex hormone signaling, macronutrient feedback, and hepatic glucogenesis in the development of gastroparesis. Given the increased prevalence among women, sex hormone signaling, then, may be involved in diabetic gastroparesis. In TIDM, where insulin production is ablated, increased hepatic gluconeogenesis and decreased insulin-dependent glucose uptake by adipocytes and skeletal myocytes result in a hyperglycemic state. Hyperglycemia then slows gastric emptying, as has been observed in both normal and insulin-dependent diabetes mellitus patients, to inhibit postprandial hyperglycemia \[[@R05]\].

Estrogen (E2) signaling, while not directly implicated in gastric emptying, is known to be a modulator of glucose homeostasis \[[@R07], [@R08]\]. In a streptozotocin (STZ) model of TIDM, estrogen therapy in male rats had a significant effect on improving blood glucose control and liver pathology. The effects were suspected to be from residual pancreatic beta-cell proliferation and increased expression of insulin receptors in the liver \[[@R09]\]. Hormone replacement therapy studies in women also provide evidence that estrogen and progestin treatments are protective against type II diabetes in postmenopausal women \[[@R10]\]. In addition, E2 infusion was found to reverse STZ-induced type I diabetes in male rodents \[[@R07]\]. In a case study involving a male with aromatase deficiency, blood work demonstrated both a hyperinsulinemic and hyperglycemic state that was modestly improved with estrogen therapy \[[@R11]\]. As can be seen in these examples, estrogen plays an important role in the glycemic state and by extension, possibly the gastric emptying rate.

Due to the connection of estrogen to blood glucose, and of blood glucose to gastric emptying, we performed an exploratory analysis on sex hormone signaling in an STZ-induced model of male diabetic gastroparesis. Because hyperglycemia is attenuated by estrogen in both males and females, we evaluated estrogen and its closely related hormones and receptors. These include testosterone, aromatase (which converts testosterone to estradiol), estrogen receptors alpha (ERα) and beta (ERβ), and the androgen receptor (AR).

Materials and Methods {#s2}
=====================

Materials {#s2a}
---------

Charles River (San Diego, CA) supplied virgin male Sprague-Dawley rats. Sigma-Aldrich Inc. (St. Louis, MO) supplied all reagent grade chemicals. Anti-mouse ERα and anti-mouse ERβ were purchased from EMD Millipore Inc. (Bellerica, MA), anti-rabbit AR was from Santa Cruz Biotechnol. (Dallas, TX), and anti-mouse actin antibody was from Sigma-Aldrich Inc.

Animals {#s2b}
-------

Ninety-seven virgin male Sprague-Dawley rats at 12 weeks old (200 - 250 g) were given standard rat chow and water *ad libitum*. After an overnight fast, we induced type I diabetes by a single IP injection of 55 mg/kg of STZ (Sigma-Aldrich Inc.) in 100 mM citrate buffer (pH 4.5); an equivalent volume of 100 mM citrate buffer (pH 4.5) was used in control animals as a sham injection. Seventy-seven rats were injected with STZ and 20 rats were used as control. Of all STZ-injected rats, 22 developed diabetes and 26 developed diabetic gastroparesis. Twenty-nine STZ-injected rats died, did not develop diabetes, or underwent diabetes reversal. Five control rats were chosen randomly for the control group. The five animals with the highest fasting blood glucose levels and the five animals with the slowest measurement of gastric emptying were chosen for the diabetic and diabetic gastroparesis groups, respectively. Blood glucose was measured after overnight fasting every third day for 16 weeks using an Accu-check blood glucose meter (Roche Diagnostics, Basel, Switzerland). A blood glucose level of \> 300 mg/dL was considered diabetic. At 12 weeks, we subjected rats to a gastric emptying assay. This test allowed us to split the rats into the following study groups: male rats: 1) control citrate buffer injection (CM); 2) diabetic after STZ treatment (DM); and 3) diabetic and gastroparetic after STZ treatment (DM + GP). At the end of week 16, serum and gastric tissues were collected from the animals for biochemical assays.

Measurement of liquid gastric emptying {#s2c}
--------------------------------------

After 24 h of fasting, 0.3 mL of blood was collected from the tail vein to establish baseline acetaminophen levels. The rats were then gavaged with 50 mg of acetaminophen dissolved in a liquid meal (3.0 mL). Four hours after feeding, another 0.3 mL of blood was collected to measure post-feeding acetaminophen levels \[[@R12]\]. The difference between pre- and post-feeding acetaminophen levels was used as the index of gastric emptying and expressed as µg/mL of acetaminophen per mL of blood. Serum acetaminophen ELISA kits were purchased from Immunanalysis Corporation (Pomona, CA). Based on our current and previous observations, and from the observations of others, 2 - 4 µg/mL of acetaminophen was used as the cutoff for group designations \[[@R13], [@R14]\]. Since liquids emptied the stomach at an exponential rate, it would be expected that normal gut motility would cause the clearance of acetaminophen rapidly resulting in lower serum values. In a gastroparetic state, the emptying of the gut was slowed; as a result, higher serum values would be obtained thus indicating gastroparesis.

Measurement of estrogen, testosterone, insulin and aromatase {#s2d}
------------------------------------------------------------

Blood samples collected immediately prior to euthanasia were used to measure serum estrogen and testosterone levels by ELISA (Cayman Chemical, Ann Arbor, MI and Alpco Diagnostic, Salem, NH, respectively). Insulin was also measured using an ELISA kit from Cayman Chemical. An aromatase kit purchased from Cloud-Clone Corp. (Houston, TX) was used to determine aromatase levels in serum and extracted pyloric tissue. We followed the manufacturer's instructions for all ELISA kits.

Western blotting for measurement of ERα and ERβ and AR {#s2e}
------------------------------------------------------

Pyloric tissues were stored at -80 °C until use. Pyloric tissue was homogenized in tissue extraction buffer (Thermofisher Scientific, Waltham, MA). The tissue lysates were then centrifuged for 15 min at 15,000 × g and the protein concentration of the supernatant was determined using a protein assay kit (Thermofisher Scientific). Equal amounts of tissue proteins were then separated by 10% SDS-PAGE gel and transferred onto a nitrocellulose membrane. After blocking the membranes with 5% non-fat milk diluted in buffer (10 mM Tris-HCl, 100 mM NaCl and 0.1% Tween 20) for 3 h at room temperature, specific proteins were probed with primary antibodies (anti-mouse ERα mAb (1:1,000 dilution), anti-rabbit AR pAb (1:100 dilution) or anti-mouse ERβ mAb (1:1,000 dilution)) for 4 h at room temperature. Actin antibody was used as a control and run on a separate gel from the target proteins due to image signal interference; IR-dye conjugated secondary antibodies (anti-mouse IRDye800 or anti-rabbit IRDye800) at a dilution of 1:20,000 were then added and incubated for 1 h at room temperature.

Statistical analysis {#s2f}
--------------------

We reported statistics as the mean ± standard deviation for the response variables with five rats for each group. To test the mean differences among the three groups, the one-way analysis of variance (ANOVA) was employed with original units or logarithmic transformation. With significant ANOVA, the least significant difference (LSD) *post hoc* procedure was used to check for mean differences. We set the level of significance at 0.05.

Results and Discussion {#s3}
======================

In the current study, we used an STZ model to induce type I diabetes in a cohort of male rats and tested them for gastroparesis after 12 weeks \[[@R13]\]. Ninety-seven virgin male Sprague-Dawley rats at 12 weeks old (200 - 250 g) were used for this study. Seventy-seven rats were injected with STZ and 20 rats were used as control. Of all STZ-injected rats, 22 developed diabetes and 26 developed diabetic gastroparesis. Twenty-nine STZ-injected rats died, did not develop diabetes, or underwent diabetes reversal. Five control rats were chosen randomly for the control group. The five animals with the highest fasting blood glucose levels and the five animals with the slowest measurement of gastric emptying were chosen for the diabetic and diabetic gastroparesis groups, respectively. We found that the incidence of diabetes without gastroparesis (DM rats) was approximately 29%. An additional 34% of rats developed both diabetes and gastroparesis (DM + GP) and were treated as a separate group. Control rats (CM) injected with citrate buffer alone did not develop either diabetes or gastroparesis. As expected, DM rats and DM + GP rats had similar glucose levels which were above the cutoff of 300 mg/dL (367.8 ± 33.2 mg/dL vs. 396.2 ± 45.9, [Fig. 1A](#F1){ref-type="fig"}). CM rats had 4.27 ± 1.56 mg/dL. [Figure 1C](#F1){ref-type="fig"} shows the acetaminophen levels and establishes their group designation of DM or DM + GP.

![Pathophysiology of healthy, diabetic, and diabetic gastroparetic male rats. CM: age-matched control male rats injected with the same volume of citrate buffer without STZ. DM: male rats developed diabetes following STZ administration. DM + GP: male rats injected with STZ that developed diabetes and gastroparesis. The difference in values is marked as "a" and "b". Five rats were included in each group. (A) DM + GP rats and DM rats had no significant difference in glucose levels (396.2 ± 45.9 vs. 367.8 ± 33.2 mg/dL). CM: 4.27 ± 1.56. (B) Insulin levels: serum insulin level measured in CM, DM, and DM + GP rats. Both DM and DM + GP rats had reduced insulin levels (1.20 ± 0.34 ng/mL and 1.21 ± 0.31 ng/mL; overall ANOVA, P = 0.0001, respectively) compared to control rats (4.27 ± 1.56 ng/mL). Each column represents the mean ± standard deviation of five rats per group. P ˂ 0.05. (C) The difference between fasting and post-feeding acetaminophen levels is used as the index of gastric emptying. Slower gastric emptying was only detected in DM + GP rats and not in CM and DM (16.16 ± 5.25 µg/mL vs. 2.22 ± 1.05 and 9.96 ± 5.58; overall ANOVA, P = 0.0001).](gr-09-039-g001){#F1}

It is has been demonstrated that insulin is important for normal gut motility. For example, Russo et al showed that insulin-induced hypoglycemia accelerates gastric emptying of solids and liquids in type I diabetes \[[@R15]\]. However, it is presumed that the normalization of gut motility is due to the induction of a hypoglycemic state and macro-nutrient feedback on the gut, rather than a direct action of insulin, as was suggested by Ahmed and Hassanein \[[@R09]\]. As expected, the induction of a hypoinsulinemic state did induce a hyperglycemic state ([Fig. 1B](#F1){ref-type="fig"}). Insulin levels were significantly decreased in DM (1.20 ± 0.34 ng/mL) and DM + GP (1.21 ± 0.31 ng/mL) rats compared to the control CM rats (4.27 ± 1.56 ng/mL; overall ANOVA, P = 0.0001, and both significant with LSD pairwise comparisons at α = 0.05). Based on Ahmed and Hassanein's study, we expected that a hyperglycemic state would result in a slowed gastric emptying time \[[@R09]\]. In contrast, we found that all diabetic animals had both increased blood glucose and decreased insulin levels, but only a subset developed gastroparesis. Our data suggest that hyperglycemia alone is not responsible for the development of gastroparesis in an STZ model of type I diabetes in male rats thus strengthening the results from previous studies \[[@R16]\]. At 33%, The STZ model does somewhat mimic the incidence of diabetic gastroparesis in humans at about 50% of the total number of diabetic patients. Since gastroparesis is not 100% associated with diabetes, this suggests a complex regulatory mechanism whereby hyperglycemia may only play a partial role.

[Figure 2A](#F2){ref-type="fig"} demonstrates increased estrogen levels in DM (49.50 ± 22.77 pg/mL) and DM + GP rats (DM: 27.28 ± 19.59 pg/mL) when compared to control CM rats (2.94 ± 0.71 pg/mL; overall ANOVA, P = 0.0004, and both significant with LSD pairwise comparisons at α = 0.05). However, there was no statistical significance between DM and DM + GP estrogen levels, suggesting no defined connection between increased plasma estradiol levels in DM rats leading to gastroparesis development.

![Serum sex hormone level in healthy, diabetic, and diabetes gastroparetic rats. Five rats were included in each group. (A) Estrogen: increases in estrogen (E~2~) were observed in DM and DM + GP rats (DM: 49.50 ± 22.77 ρg/mL; DM + GP: 27.28 ± 19.59 ρg/mL, respectively; overall ANOVA, P = 0.0004) compared to CM rats (2.94 ± 0.71 ρg/mL). (B) Testosterone: testosterone concentrations were decreased in the DM (113.87 ± 21.80 ρg/mL) and DM + GP rats (88.51 ± 52.69 ρg/mL; overall ANOVA, P = 0.012) and groups compared to the CM group (219.82 ± 95.47 ρg/mL). Each column represents the mean ± standard deviation of five rats per group. The difference in values is marked as "a" and "b".](gr-09-039-g002){#F2}

We examined testosterone signaling because testosterone is a precursor to estradiol in men. As shown in [Figure 2B](#F2){ref-type="fig"}, we found that testosterone levels were decreased in the DM + GP (88.51 ± 52.69 pg/mL) and DM (113.87 ± 21.80 pg/mL) group compared to the CM group (219.82 ± 95.47 pg/mL; overall ANOVA, P = 0.012, and both significant with LSD pairwise comparisons at α = 0.05). However, there was again no statistical significance between DM and DM + GP suggesting that decreased testosterone levels are not directly responsible for gastroparesis development.

We wanted to confirm that the increase in estrogen and decrease in testosterone were due to an increase in aromatase, an enzyme that converts testosterone to estrogen. Serum aromatase was significantly increased in DM (11.37 ± 3.65 ng/mL) and DM + GP (7.37 ± 2.44 ng/mL) rats compared to CM controls (1.12 ± 1.11 ng/mL; overall ANOVA, P = 0.0003, and both significant with LSD pairwise comparisons at α = 0.05; [Fig. 3A](#F3){ref-type="fig"}). Our data suggest that serum aromatase is responsible for the increased estrogen and possibly the decreased testosterone levels in DM and DM + GP rats, but does not play a role in the development of gastroparesis since there was no significant difference between DM and DM + GP rats.

![Aromatase levels in control, diabetic, diabetes and gastroparetic rats. Five rats were included in each group. (A) Serum levels of aromatase from DM (11.37 ± 3.65 ng/mL) and DM + GP (7.37 ± 2.44 ng/mL; overall ANOVA, P = 0.003) rats were increased compared to levels in CM rats (1.12 ± 1.11 ng/mL). Each column represents the mean ± standard deviation of five rats per group. (B) Pyloric tissue level of aromatase: compared with CM rats (1.59 ± 0.78 ng/mL), there was no change in tissue aromatase level in both DM (2.00 ± 0.91 ng/mL) and DM + GP rats (6.54 ± 7.74 ng/mL; overall ANOVA, P = 0.144). Each column represents the mean ± standard deviation of five rats per group. The difference in values is marked as "a" and "b".](gr-09-039-g003){#F3}

Although we did not see significant changes in circulatory levels of estrogen, testosterone, or aromatase between DM and DM + GP rats, we decided to examine the pylorus to determine if there was a smaller, localized effect of sex hormone signaling on gastric emptying. Pyloric tissue aromatase levels were similar in all groups, including CM rats, suggesting that localized estrogen production by pyloric aromatase does not contribute to gastroparesis in our model ([Fig. 3B](#F3){ref-type="fig"}, DM + GP: 6.54 ± 7.74 ng/μg; DM: 2.00 ± 0.91 ng/μg vs. CM: 1.59 ± 0.78 ng/μg, P = 0.144).

Since total values of sex hormones or aromatase could not be directly linked to the development of gastroparesis, we examined localized expression of ER and AR in the pylorus. Changes in localized expression of receptors could alter downstream pathways directly at the pylorus, bypassing the vagal center, and play a role in the development of diabetic gastroparesis via tissue specific mechanisms, possibly through NO signaling. To test the hypothesis that different expression patterns of ER and AR in the pylorus may contribute to the etiology of gastroparesis, we measured pyloric levels of ERα, ERβ, and AR in the CM, DM, and DM + GP groups.

As for AR, the relative intensity of the protein was shown to be significantly decreased in both DM (3.37 ± 0.95) and DM + GP (4.2 ± 1.66) compared to CM rats (9.67 ± 1.52; overall ANOVA, P = 0.00002, and both significant with LSD pairwise comparisons at α = 0.05; [Fig. 4](#F4){ref-type="fig"}). The AR data indicate that localized increase of the receptor at the pylorus may contribute to overall diabetic pathology but not to diabetic gastroparesis.

![Expression of AR in the gastric pylorus. Five rats were included in each group. (A) Representative immunoblot showing the level of AR (upper panel) and actin (lower panel). (B) The level of AR was normalized to that of actin by densitometric analysis and expressed as arbitrary units. The relative intensity of the AR protein was shown to be decreased in both DM (3.37 ± 0.95) and DM + GP (4.2 ± 1.66) compared to CM (9.67 ± 1.52; overall ANOVA, P = 0.00002; P ˂ 0.05). Data are expressed as the mean ± standard deviation of five animals per group. The difference in values is marked as "a" and "b".](gr-09-039-g004){#F4}

Our results demonstrate that there is no difference in the level of ERα among DM (5.82 ± 3.1), DM + GP (8.90 ± 6.61), and CM (5.69 ± 2.16), indicating that this receptor does not contribute to the development of diabetic gastroparesis ([Fig. 5](#F5){ref-type="fig"} 0.45).

![Expression of ERα in the gastric pylorus. Five rats were included in each group. (A) Representative immunoblot showing the level of ERα (upper panel) and actin (lower panel) in the pylorus. (B) The level of ERα was normalized to that of actin by densitometric analysis and expressed as arbitrary units. The values are expressed as arbitrary units (DM + GP rats 8.90 ± 6.61 vs. DM 5.82 ± 3.1 and CM 5.68 ± 2.16; overall ANOVA, P = 0.45). Data are expressed as the mean ± standard deviation of five animals per group. The difference in values is marked as "a" and "b".](gr-09-039-g005){#F5}

Interestingly, ERβ protein in the pylorus significantly increased in DM + GP but not in DM rats when compared to CM rats ([Fig. 6A](#F6){ref-type="fig"}). [Figure 6B](#F6){ref-type="fig"} shows the quantitation of the protein band for ERβ as normalized with actin by densitometric analysis and expressed as arbitrary units (DM + GP rats 5.49 ± 2.16 vs. DM 3.25 ± 2.77 and CM 29 ± 0.91; overall ANOVA, P = 0.028, and both significant with LSD pairwise comparisons at α = 0.05). The specificity of increased ERβ in the pylorus indicates a role for this receptor in diabetic gastroparesis in a male STZ model of type I diabetes. To our knowledge, this is the first reported finding that demonstrates localized pylorus pathology for ERβ, thus proposing a potential role for this receptor in STZ-induced type I diabetic gastroparesis.

![Expression of ERβ in the gastric pylorus. Five rats were included in each group. (A) Representative immunoblot showing the level of ERβ (upper panel) and actin (lower panel) in the pylorus. (B) The level of ERβ was normalized to that of actin by densitometric analysis and expressed as arbitrary units. The values are expressed as arbitrary units (DM + GP rats 5.49 ± 2.16 vs. DM 3.25 ± 2.77 and CM 2.9 ± 0.91; overall ANOVA, P = 0.028). Data are expressed as the mean ± standard deviation of five animals per group. The difference in values ise marked as "a" and "b".](gr-09-039-g006){#F6}

From these results, we conclude that ERβ expression and the downstream activation of associated genes might be one factor in the complex development of gastroparesis in a subset of DM rats. Due to the complexity of gut motility signaling, many more studies are needed to tease out the role of ERβ in gastroparesis. However, as one possibility, it is known that estrogen can induce nitric oxide mediated smooth muscle vascular dilation. ERβ knockout mice lost the vasodilation response to estrogen, demonstrating a requirement for this receptor in smooth muscle cell tone \[[@R17]\]. It is conceivable that ERβ also plays a role in the smooth muscle tone of the pylorus. When the expression of ERβ is dysregulated, estrogen signaling may be lost in the normal pathophysiology of pyloric sphincter relaxation, conceivably slowing gastric emptying and contributing to the onset of gastroparesis.

The current work is limited by the fact that we did not examine factors that may cause the upregulation of ERβ. Further work should include pylorus biopsy to determine if the upregulation of ERβ is present prior to the STZ treatment. The study should be replicated in female rats to determine if the phenomenon is universal between the sexes. The *in vivo* use of the ERβ selective agonist (WAY200070) could be used to determine if the receptor is the causative agent for gastroparesis in STZ-induced diabetes \[[@R18]\]. In addition, analyzing the loss and downstream effects other peptides synthesized by pancreatic β cells may yield insights on ERβ. Despite these limitations, our study finds that the male STZ-induced type I diabetic rat is characterized by abnormal sex hormone signaling that is specific for ERβ. Our study also shows that the ERβ receptor is specifically upregulated in the pylorus of DM + GP rats, suggesting a pathophysiology of diabetic gastroparesis. Based on these findings, it is conceivable that restoring ERβ receptor levels to their physiological levels may provide protection from the development of gastroparesis in male rats.
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